SUMMARY Vertebrate evolution is characterized by gene and genome duplication events. There is strong evidence that a whole-genome duplication occurred in the lineage leading to the teleost fishes. We have focused on the teleost hoxb1 duplicate genes as a paradigm to investigate the consequences of gene duplication. Previous analysis of the duplicated zebrafish hoxb1 genes suggested they have subfunctionalized. The combined expression pattern of the two zebrafish hoxb1 genes recapitulates the expression pattern of the single Hoxb1 gene of tetrapods, possibly due to degenerative changes in complementary cis-regulatory elements of the duplicates. Here we have tested the hypothesis that all teleost duplicates had a similar fate post duplication, by examining hoxb1 genes in medaka and striped bass. Consistent with this theory, we found that the ancestral Hoxb1 expression pattern is subdivided between duplicate genes in a largely similar fashion in zebrafish, medaka, and striped bass. Further, our analysis of hoxb1 genes reveals that sequence changes in cis-regulatory regions may underlie subfunctionalization in all teleosts, although the specific changes vary between species. It was previously shown that zebrafish hoxb1 duplicates have also evolved different functional capacities. We used misexpression to compare the functions of hoxb1 duplicates from zebrafish, medaka and striped bass. Unexpectedly, we found that some biochemical properties, which were paralog specific in zebrafish, are conserved in both duplicates of other species. This work suggests that the fate of duplicate genes varies across the teleost group.
INTRODUCTION
Duplication events can occur at the level of individual genes, chromosomal segments, and even entire genomes. Recently, the availability of genome-wide sequence data has led to the identification of whole-genome duplication events during the evolution of organisms as diverse as plants (e.g., rice, Yu et al. 2005) , fungi (e.g., yeast, Kellis et al. 2004) , and animals (e.g., fish, Jaillon et al. 2004) . We now have evidence that widespread duplication events are an integral part of genome evolution. What is less clear is the fate of preserved duplicates following the duplication event.
The most likely fate for a duplicate gene is nonfunctionalization, whereby one of a pair of duplicates acquires degenerate mutations leading to its transformation into a pseudogene, or its eventual complete disappearance from the genome. Classically, if both duplicates were retained, it was assumed that one gene had acquired beneficial mutations which led to a new, positively selected function, in a process known as neofunctionalization (Ohno 1970) . The other duplicate gene, its paralog, would also be retained because it continued to perform the function of the single ancestral gene. An example of neofunctionalization through extensive protein remodeling post duplication is the antifreeze proteins in Antarctic fish (Chen et al. 1997; Cheng and Chen 1999) . Another example is the duplication of the RNAse1 gene in a leaf eating monkey (Zhang et al. 2002) . Gene or genome duplication would therefore provide the raw genetic material for the evolution of novelty. However, the likelihood of neofunctionalization is predicted to be insufficient to account for the scale of duplicate retention identified in recent analyses (Lynch and Conery 2000; Lynch and Force 2000) . Neofunctionalization events are thought to be exceptional cases rather than the norm because beneficial mutations are much less likely than degenerative mutations.
Alternative hypotheses have been proposed to explain how duplicate genes might be preserved. Following a duplication event, both duplicates could acquire complementary degenerative mutations so that both genes are required to fulfill all the functions of the single ancestral gene (reviewed by Prince and Pickett 2002) . Degenerative mutations could be fixed in a reciprocal and neutral manner in the cis-regulatory or coding regions of genes, leading to the loss of ancestral gene subfunctions. This process is known as subfunctionalization and the preservation of duplicates in this way has been formalized in the Duplication, Degeneration and Complementation (DDC) model (Force et al. 1999) . Following preservation by DDC processes, the duplicate genes would no longer be under the same selection pressures as one another and would therefore be free to evolve along their own novel trajectories. In this way, subfunctionalization could facilitate neofunctionalization (Mazet and Shimeld 2002; Prince and Pickett 2002) or the fine tuning of the duplicate members of a pair to their specific subfunctions (Roth et al. 2007 ). Equally, duplicates, which were originally preserved by neofunctionalization, may retain redundant subfunctions and therefore have the potential to undergo subfunctionalization after their initial preservation. Examples of duplicate genes believed to be subfunctionalized are engrailed 1 (Force et al. 1999) , Mitf (Lister et al. 2001; Altschmied et al. 2002) , sox9 (Cresko et al. 2003) , and POMC (de Souza et al. 2005) .
Individual examples of subfunctionalization continue to be described, but a comparative analysis is necessary to assess whether duplicates are subfunctionalized in the same manner in different lineages following a duplication event. This is an important question to address because research typically focuses on a few model organisms, which we assume are representative of a wider range of species. Also, it is clear that duplication events play an extensive role in genome evolution and it has been hypothesized that these events could facilitate the evolution of phenotypic novelty. If we are to understand this process, we must first understand how genes evolve post duplication in different species.
Fishes are an excellent model in which to explore this phenomenon (reviewed by Hurley et al. 2007) . It is now widely accepted that a whole-genome duplication event occurred in the ray-finned fish lineage following its split from the lobefinned fishes. Supporting evidence comes from whole-genome sequencing projects in multiple fish species, which have identified blocks of anciently duplicated genes (pufferfish, Jaillon et al. 2004; medaka, Naruse et al. 2004; zebrafish, Woods et al. 2005) . We also now have an improved knowledge of the timing and phylogenetic position of this event. It had been estimated that the whole-genome duplication event occurred in excess of 270 million years (Ma) ago (Taylor et al. 2001; Christoffels et al. 2004; Vandepoele et al. 2004; Hurley et al. 2007) . Recent phylogenetic analysis suggests that this event occurred after the divergence of the teleosts from other ray-finned fishes (Hoegg et al. 2004; Crow et al. 2006; Hurley et al. 2007 ). The vast majority of extant ray-finned fishes are teleosts and recent estimates suggest that there are as many as 27,000 teleost species (Nelson 2006) . It has been hypothesized that this explosion in speciation was due to the teleost-specific duplication event (e.g., Amores et al. 1998 ). However, a fuller understanding of the consequences of gene duplication is required before we can begin to address what is currently only a loose correlation.
Multiple teleost species have been developed as tractable model systems and whole-genome sequence information is currently available for four species including two pufferfish (Tetraodon nigroviridis and Takifugu rubripes, order Tetradontiformes). Unfortunately, restricted access to pufferfish embryos is a limitation of these species as an experimental system. We have chosen to perform a detailed study of duplicate gene evolution in three other teleost species that are more amendable to experimentation (Fig. 1A) : the ostariophysan zebrafish (Danio rerio, order Cypriniformes) and the acanthopterygian fishes, medaka (Oryzias latipes, order Beloniformes), and striped bass (Morone saxatilis, order Perciformes). The divergence events which split the Ostariophysi and Acanthopterygii occurred at least 150 Ma according to fossil evidence (reviewed by Benton and Donoghue 2007) whereas molecular estimates suggest that this divergence occurred at least 100 Ma earlier (e.g., Peng et al. 2006) .
We have focused on the Hox genes to investigate the consequences of gene duplication. Hox genes encode transcription factors that are responsible for providing positional identity along the anteroposterior axis of the developing embryo (McGinnis and Krumlauf 1992; de Rosa et al. 1999) . These genes are arranged in clusters and the original evidence for the presence of a fish-specific whole-genome duplication came from the observation that zebrafish has almost twice the number of Hox clusters as mammals (7 vs. 4; Amores et al. 1998; Prince et al. 1998a) . Hox cluster duplication has been followed by gene loss in all teleosts and different species have retained different complements of Hox genes (reviewed by Prohaska and Stadler 2004) . However, many duplicate Hox genes have been retained, making these genes ideal systems to study the fate of duplicate genes following the duplication event.
Subfunctionalization of duplicate teleost Hox genes has previously been identified by comparison of the duplicates with the single ancestral gene, which must be inferred by comparison with an outgroup species. This principle is exemplified by a study of hoxb5 duplicates in zebrafish (Bruce et al. 2001) , where the combined expression of hoxb5a and hoxb5b resembles the expression of the single Hoxb5 gene in tetrapods, suggesting that both duplicates were necessary to recapitulate the ancestral expression pattern (Bruce et al. 2001) . The biochemical functions of the duplicates were also tested via misexpression and found to cause similar hindbrain and neural crest patterning defects, suggesting that the genes have equivalent biochemical properties at the stage examined.
Another set of co-paralog genes, the Hoxa2 genes, has been examined in multiple teleosts. In vertebrates, the developing hindbrain is transiently divided into segments along the anteroposterior axis called rhombomeres (r1-r7). Hoxa2 is expressed in r2-r7 in tetrapods (Prince and Lumsden 1994; Vieille-Grosjean et al. 1997; Maconochie et al. 1999; Pasqualetti et al. 2000; Baltzinger et al. 2005) . This expression pattern is conserved for striped bass and Nile tilapia hoxa2a orthologs, but in zebrafish hoxa2a is a pseudogene, and in fugu shows a divergent expression pattern in r1 and r2. In contrast, in fugu, zebrafish, Nile tilapia, and striped bass expression of the hoxa2b ortholog is conserved in r2-r5 (Prince and Lumsden 1994; Prince et al 1998b; Hunter and Prince 2002; Amores et al. 2004; Scemama et al. 2006; Le Pabic et al., 2007) . This example clearly illustrates that there are lineage-specific differences in the evolution of duplicate Hox genes. Comparative studies are required to determine whether these findings are representative of the fate of most duplicate genes.
We have chosen to investigate the consequences of gene duplication by studying teleost hoxb1 duplicates. We have previously shown that zebrafish hoxb1 duplicate genes are subfunctionalized (McClintock et al. 2001 (McClintock et al. , 2002 . The expression of zebrafish hoxb1a and hoxb1b within the hindbrain recapitulates the expression of Hoxb1 in the mouse. It was hypothesized that complementary degenerative mutations within the cis-regulatory regions of these genes led to the observed subfunction partitioning (McClintock et al. 2002) . Misexpression analysis and rescue experiments have also identified distinct biochemical properties for the two zebrafish hoxb1 coparalogs (McClintock et al. 2001 , McClintock et al. 2002 . This finding differs markedly from the conservation in biochemical capacity observed in the zebrafish hoxb5a and hoxb5b duplicates (Bruce et al. 2001) , or between other co-paralogs such as zebrafish hoxa2b and hoxb2a (Hunter and Prince 2002) , and mouse Hoxa3 and Hoxd3 genes (Greer et al. 2000) .
The whole-genome duplication is believed to have occurred in the ancestor of all teleosts. Do duplicates in different teleost species generally share the same fate post duplication? In the present study, we have shown that the putative ancestral Hoxb1 expression pattern is divided between hoxb1 genes from different teleost species in largely the same way. We have identified potentially degenerative changes in the cis-regulatory regions of the duplicates, which may underlie the subfunction partitioning of hoxb1 gene expression and vary between species. Finally, we have used misexpression and rescue analysis to reveal that some biochemical properties found to be paralog specific in zebrafish are the same in both duplicates of other teleosts.
MATERIALS AND METHODS

Animals
Striped bass embryos were obtained from the NC Wildlife Commission fish hatchery in Watha, NC. Medaka embryos were the Fig. 1 . Sequence analysis of teleost hoxb1 genes reveals paralog group-specific residues and the divergence of zebrafish hoxb1b from other hoxb1 genes. (A) Diagram illustrating the relationship between the species described in this study. (B) Neighbor-joining tree of vertebrate hoxb1 proteins with shark as an out-group. Numbers at internal nodes indicate percentage of 100 bootstrap replicates supporting them. Dark gray box (hoxb1b proteins), light gray box (hoxb1a proteins). Scale bar indicates number of 0.1 replacements per amino-acid site. (C) Sequence alignment of teleost hoxb1 genes. Conserved regions between both hoxb1 genes (yellow). Paralog group-specific residues: hoxb1a (purple) and hoxb1b (green). The hexapeptide region (blue line) and the homeodomain (green line) are indicated above the sequence. (D) Weblogo plot of teleost hoxb1 genes illustrating that sequence conservation is largely restricted to the N-terminal, hexapeptide (blue line) and homeodomain (green line) regions. The y-axis indicates the level of sequence conservation and the height of the amino acids at each position illustrates their relative frequency (Schneider and Stephens 1990; Crooks et al. 2004 ).
progeny of orange and silver strain fish obtained from Carolina Biological Supply and reared at 261C as described (Iwamatsu 2004) . Zebrafish embryos were obtained from islet-GFP transgenic (Higashijima et al. 2000) or wild-type Ã AB and PS fishes reared at 28.51C (Kimmel et al. 1995) .
Cloning and constructs
Medaka hoxb1a and hoxb1b sequences were identified using the BLAST function of the Medaka Genome Project (NIG DNA Sequencing Center) and Fugu rubripes hoxb1a (AAC60204), Fugu rubripes hoxb1b (Amores et al. 2004) , or Oryzias latipes hoxb1b (AB026947) reference sequences. Sequence fragments were then assembled in silico. Full-length genes were polymerase chain reaction (PCR) amplified from 2 days post fertilization old medaka cDNA (prepared as previously described, Prince et al. 1998a ). 5 0 cis-regulatory regions were PCR amplified from genomic DNA extracted from an adult fin. Striped bass hoxb1b full-length gene was obtained by PCR amplification of 48 h post-fertilization striped bass cDNA (Scemama et al. 2006) . Medaka and bass hoxb1 full-length sequences were subcloned into pGEMT (Promega, Madison, WI, USA) and the expression vector pCS21(Turner and hoxb1 duplication in teleost ¢sh 543 Hurley et al. Weintraub 1994) . All PCR reactions were performed using Pfu proof reading polymerase (Stratagene, La Jolla, CA, USA) and PCR primers listed in supplementary Table S1 .
Sequence analysis
Alignments for use in sequence analysis were created using ClustalX (Thompson et al. 1997) (Fig. 1C ) and regions for which reliable homology could not be established were excluded from phylogenetic analyses (supplementary Fig. S1 ). The following Hox genes were used in the sequence alignment: Branchiostoma floridae (amphioxus) Hox1 BAA78620, Heterodontus francisci (shark) hoxb1 Q91A19, Mus musculus (mouse) hoxb1 P17919, Homo sapiens (human) hoxb1 P14653, Danio rerio (zebrafish) hoxb1a and hoxb1b O42366 and Q90423, Cyprinus carpio (carp) hoxb1(b) Q90346, Oryzias latipes (medaka) hoxb1a and hoxb1b BAE44264 and BAE44273, Morone saxatilis (bass) hoxb1b EF489023, Takifugu rubripes (fugu) hoxb1a and hoxb1b ABF22419 and ABF22426, and Tetraodon nigroviridis (Tetraodon) hoxb1a and hoxb1b CAF90661 and CAG00646. From this alignment, a dis- tance matrix was conducted using the program PROTDIST in Phylip version 3.6 (Felsenstein 1989) . Based on this distance matrix, the best tree was recovered using neighbor-joining, and 100 bootstrap values were performed under the same conditions.
Microinjections
Synthetic capped mRNAs were produced from linearized DNA templates using the Ambion Megascript kit according to the manufacturer's instructions (Ambion, Austin, TX, USA). Antisense ''morpholino'' against zebrafish hoxb1a were prepared as described previously (McClintock et al. 2002) . Synthetic mRNA and/or morpholino were resuspended in water plus phenol red buffer (0.25% phenol red, 120 mM KCl, 20 mM HEPES-NaOH pH 7.5). Approximately 100 pl was pressure-injected into the yolk/blastoderm interface at the one-to two-cell-staged zebrafish embryos.
In situ hybridization and immunohistochemistry
In situ hybridization was performed as previously described (Prince et al. 1998a ) with minor modifications. In situ probes for the following genes were used: zebrafish hoxb1a and hoxb1b (Prince et al. 1998a; McClintock et al. 2001) , medaka hoxb1a (36 nucleotides 5 0 of position 1 to position 1951 of GenBank AB207990) and hoxb1b (nucleotides 33118-33759 and 33962-34474 of GenBank AB232921), and bass hoxb1b (nucleotides 1-1082 from GenBank EF489023). The following antibodies were used for whole-mount immunochemistry as previously described (Prince et al. 1998b ): mouse anti-GFP (1:2000, Clontech, Mountain View, CA, USA) and goat anti-mouse Alexa Fluor 488 (1:500, Invitrogen, Carlsbad, CA, USA). Fluorescence and bright-field zebrafish and medaka images were photographed on a Zeiss Axioskop (Zeiss, Oberkochen, Germany) equipped with a Nikon D1 digital camera (Nikon, Tokyo, Japan). Striped bass images were photographed using a Leica DMR microscope (Leica, Wetzlar, Germany) equipped with a Nikon D1x digital camera. All images were assembled using Adobe Photoshop 7.0.
RESULTS
Comparative analysis of teleost hoxb1 genes reveals paralog specific residues shared between species and the sequence divergence of zebrafish hoxb1b
Full-length hoxb1 genes have previously been isolated in several teleost fishes (carp, Stevens et al. 1996 ; pufferfish, Amores et al. 2004; Jaillon et al. 2004; medaka, Kurosawa et al. 2006) . We extended this range of species to include striped bass by isolating a bass hoxb1 gene. Phylogenetic analysis of aminoacid sequences was performed to compare all available fulllength teleost hoxb1 gene products with those of human, mouse, chicken, amphioxus and shark (Fig. 1B) . The resulting neighbor-joining tree confirmed that the teleost hoxb1a and hoxb1b genes are products of an ancient duplication event following the divergence of the lobe-finned and ray-finned fishes. As expected, for each paralog, the acanthopterygian sequences (medaka, pufferfish, bass) are more similar to one another than the ostariophysan sequences (carp and zebrafish). Phylogenetic analysis of the bass amino-acid sequence strongly supports its orthology as hoxb1b (Fig. 1B) .
Interestingly, our phylogenetic analysis indicates that zebrafish hoxb1b is significantly divergent from the other teleost hoxb1b genes. In order to further explore this observation we performed a detailed comparison of the amino-acid sequences of different teleost hoxb1 gene products. All sequences possess features that distinguish vertebrate paralog group 1 genes from Hox genes in other paralog groups: seven diagnostic residues in the homeodomain (Sharkey et al. 1997 ) and a conserved hexapeptide sequence (blue line Fig. 1C) , WMKVKR, which lies 19 or 20 amino acids N-terminal of the homeodomain (green line Fig. 1C) . Figure 1C illustrates the conserved regions between both hoxb1 gene products (yellow), as well as hoxb1a (purple) and hoxb1b (green) specific residues. Apart from a short stretch at the N-termini, sequence similarity among all the hoxb1 genes is weak beyond the hexapeptide and homeodomain (Fig. 1, C and D). Multiple insertions were also observed in the acanthopterygian hoxb1a sequences that are absent from the ostariophysan hoxb1a genes and all hoxb1b genes. Numerous residues are paralog group a or b specific (Fig. 1C purple or green residues) and occur along the length of the genes, with the sole exception of the hexapeptide region ( Fig. 1C blue  line) , which is conserved between all hoxb1 genes. A comparison of teleost duplicate genes with the single ancestral gene, inferred by comparison with outgroup species, enabled us to determine ancestral and derived residue states (Fig. S1 ). This analysis revealed a mixed pattern of sequence divergence. Some sites had changed after hoxb1a diverged from ancestral hoxb1, whereas others had changed after hoxb1b had diverged.
Our sequence comparison revealed that zebrafish hoxb1b is significantly divergent from other hoxb1 genes in two notable ways. Thirteen residues within zebrafish hoxb1b are the same in hoxb1a genes but dissimilar in the hoxb1b genes of other species (Fig. 1C) . The majority of the 13 zebrafish hoxb1b residues are also shared by at least one tetrapod species suggesting that these particular residues changed following the divergence of zebrafish hoxb1b and the other hoxb1b genes (Fig. S1 ). Hoxb1a genes in all species contain residues that are otherwise found in hoxb1b genes, but these only number 1 or 2 residues in each species. Zebrafish hoxb1b also contains stretches of residues that are divergent from its paralog, both hoxb1 paralogs in other species and the ancestral hoxb1. This suggests that these residues have independently changed in zebrafish hoxb1b following the divergence of zebrafish hoxb1b and the other hoxb1b genes.
These observations raised the possibility that coding region sequence disparities between different paralogs, and between zebrafish hoxb1b and the other hoxb1 genes, may have led to different functional consequences.
The ancestral Hoxb1 expression pattern is subdivided between duplicate genes in a similar fashion in zebrafish, medaka, and striped bass Next we proceeded to investigate whether teleost hoxb1 genes have evolved differential patterns of expression. We had previously described how the spatial and temporal expression of zebrafish hoxb1 duplicates was non-identical. Zebrafish hoxb1b is expressed early in development, during gastrulation, and although initially observed in presumptive r4, recedes posteriorly within the CNS over time (Alexandre et al. 1996; McClintock et al. 2001 ; Fig. 2, E-H) . Conversely, zebrafish hoxb1a has a later onset of expression and is proposed to be maintained in r4 by autoregulation (Prince et al. 1998a; McClintock et al. 2001 ; Fig. 2, A-D) . The expression of hoxb1a has also been reported for another ostariophysan fish, the carp (Stevens et al. 1996) . A prominent stripe of carp hoxb1a was observed in r4 at segmentation stages, similar to the expression pattern of zebrafish hoxb1a.
Here, we have extended expression analysis of hoxb1a and hoxb1b to medaka and bass, teleost species beyond the Ostariophysi. Zebrafish, medaka, and bass were cultured at different temperatures, and develop at different rates and vary in size. Three stages were chosen to allow for comparisons at morphologically similar developmental time points: 10 somites, 20 somites, and prim stage. Although we isolated fulllength hoxb1b sequence from bass, and obtained both hoxb1b and hoxb1a from medaka, we were unable to clone full-length bass hoxb1a. However, we were able to isolate a fragment of the homeodomain, which contained hoxb1a-specific residues (data not shown), supporting the hypothesis that bass possesses both hoxb1 duplicates. We therefore hybridized medaka hoxb1a probe to bass embryos, and obtained a discrete expression pattern through this approach, suggesting that the hybridization was specific and reveals the expression of bass hoxb1a (Fig. 2, Q-T) .
In both medaka and bass, hoxb1a expression was restricted to r4 within the hindbrain at all stages examined (Fig. 2, I -L and Fig. 2 , Q-T), as observed for zebrafish and carp hoxb1a (Fig. 2, A-D ; Stevens et al. 1996) . Both hoxb1a and hoxb1b show conserved expression in the posterior pharyngeal arches in all three teleosts analyzed. Unexpectedly, although medaka and bass hoxb1b expression receded posteriorly within the CNS over time like zebrafish hoxb1b (Fig. 2 , M-P and Fig. 2 , U-X), a distinct difference was also observed. At later stages of medaka and bass development, weak hoxb1b expression was observed in a small medial and dorsal area of r4 (Fig. 2, P and X). This expression domain was never observed for zebrafish hoxb1b, and was much more restricted than the prominent band of hoxb1a expression. Despite this minor difference, our data suggest that the expression patterns of acanthopterygian hoxb1 duplicates have diverged in a largely similar fashion to the ostariophysan duplicates.
Sequence changes in the 5
0 autoregulatory region may account for subfunctionalization of all teleost hoxb1 genes, although the specific changes vary between species
The initial phase of mouse Hoxb1 gene expression is dependent on retinoic acid signaling via response elements located in the 3 0 cis-regulatory region (Studer et al. 1998 ). Later, stable Hoxb1 expression in r4 is maintained via a 5 0 autoregulatory control region through the interaction of Hoxb1 protein with Hox regulators: Pbx and Meinox proteins (Po¨pperl et al. 1995) . Several regulatory modules have been found in this region, which are conserved between mammals, chicken and zebrafish: conserved repeats, which act as PbxHoxb1 binding sites (PH1-PH3, Fig. 3) , and Pbx-Meinox binding sites (PM1-PM3, Fig. 3 ). The function of these modules in r4 expression has previously been examined using in ovo electroporation in chicken embryos and transgenic mouse assays (Po¨pperl et al. 1995 (Po¨pperl et al. , 2000 Ferretti et al. 2000 Ferretti et al. , 2005 Tvrdik and Capecchi 2006) .
As the zebrafish hoxb1 duplicates differ in the duration of their expression in r4, sequence comparisons had previously been made between zebrafish hoxb1a and hoxb1b 5 0 autoregulatory control elements, and equivalent sequences upstream of the single ancestral hoxb1 gene, as inferred by comparison with mouse and chick Hoxb1 (McClintock et al. 2002) . This analysis identified residues that had diverged from the ancestral hoxb1 autoregulatory sequence within all three of the Pbx/Hox regulatory modules of zebrafish hoxb1b, whereas no differences were found between zebrafish hoxb1a and the ancestral sequences (PH1-PH3, Fig. 3 ). It was therefore hypothesized that these residues had likely changed after zebrafish hoxb1b had diverged from the ancestral hoxb1 and these sequence differences are sufficient to explain the lack of stable r4 hoxb1b expression in zebrafish (McClintock et al. 2002) .
We performed comparisons between multiple teleost hoxb1 autoregulatory regions and the inferred ancestral hoxb1 sequence, in order to determine whether similar residue changes were present in all teleost hoxb1b Pbx/Hox regulatory modules, which might account for the loss of robust r4 expression at later stages (PH1-PH3, Fig. 3 ; reviewed by Hurley et al. 2005) . This analysis included sequences we had derived from medaka and bass. Within the hoxb1a 5 0 cis-regulatory regions, no sequence variation was identified between the teleost and tetrapod Pbx/Hox regulatory modules. By contrast, we identified multiple sequence differences within the hoxb1b genes that were present in all three regulatory modules and varied by species. In the most extreme example, medaka hoxb1b was almost completely lacking the PH1 consensus sequence, suggesting that this region in medaka hoxb1b had changed significantly following its divergence from the other hoxb1b sequences examined. Interestingly, one residue change from the ancestral Pbx/Hox module sequence was found in PH3 of all the hoxb1b genes (C rather than T, Fig. 3 ). It is likely that this residue changed once when hoxb1b diverged from the ancestral hoxb1 and remained unchanged in all the teleost hoxb1b sequences we studied. The PH3 module is thought to be the most important PH motif for regulatory activity (Po¨pperl et al. 1995; Ferretti et al. 2000) .
We extended the original comparative analysis to also include the Pbx-Meinox binding sites within the autoregulatory region (PM1-PM3, Fig. 3 ). It has previously been shown that the mutation of Pbx/Hox sites alone is insufficient to abolish reporter expression in r4 (Po¨pperl et al. 1995; Ferretti et al. 2000) . By contrast, reduced or complete loss of reporter ex- Fig. 2 . The partition of ancestral hoxb1 gene expression between teleost duplicates is largely conserved. hoxb1a and hoxb1b expression was examined in zebrafish (zf), medaka (med), and striped bass (bass) at three stages of development. Note the presence of a faint expression domain of medaka and bass hoxb1b in rhombomere 4 at prim stages, which is absent from zebrafish hoxb1b in situ hybridization. The arrowhead indicates location of rhombomere 4 in the hindbrain. All embryos are shown with anterior to the left. Ten and 20 somites shown in lateral view, prim stage embryos are shown in lateral and dorsal view. Bass hoxb1a expression was visualized through hybridization of bass embryos with a medaka hoxb1a probe. pression was observed from constructs containing intact PH1-PH3 and mutated PM1 and PM2 sites (Ferretti et al. 2005) .
Our analysis revealed a more complex pattern of sequence changes within the Pbx-Meinox binding sites than the Pbx/ Hox sites. In the hoxb1a regulatory regions, we identified changes from the ancestral sequence in both the PM1 and PM2 modules in medaka and pufferfish, whereas the zebrafish regions are conserved with mouse and chick (PM1 and PM2, Fig. 3 ), suggesting that the changes had occurred after the divergence of acanthopterygian hoxb1a and ostariophysan hoxb1a. In the hoxb1b regulatory regions, the PM1 motif is highly conserved, whereas PM2 sequences from all teleosts except fugu contain nucleotide differences from ancestral hoxb1 and these sequence changes are not conserved across all species. It is therefore likely that these residue changes occurred independently in each teleost hoxb1b sequence following the divergence of hoxb1b from ancestral hoxb1. Ferretti et al. (2005) had previously identified the sequence variation in the zebrafish hoxb1b PM2 module and also showed that mutations to this Pbx-Meinox binding site had a more pronounced effect on reporter expression than alterations to PM1.
Our data support the hypothesis that the absence of robust hoxb1b expression throughout r4 may be due to sequence divergence in the autoregulatory modules of these genes, although the specific sequence changes vary between species.
Functional analysis reveals that the fate of duplicate hoxb1 genes can vary across the teleost group Once we had established that teleost hoxb1 duplicates have acquired divergent expression domains, potentially due to sequence changes in their cis-regulatory domains, we tested whether the paralogs also had distinct functional capacities. Functional analysis was initially performed via a gain-of-function approach. When Hox genes are expressed in an ectopic location anterior to their endogenous expression domain, a posteriorizing homeotic transformation can occur in which the anterior region takes on the characteristics of a more posterior region (reviewed by McGinnis and Krumlauf 1992) . Synthetic mRNAs were microinjected into one-or two-cell-stage embryos and the positional identity of the hindbrain was assayed using hoxb1a expression as a marker of r4 identity (Fig. 4A) .
We previously showed that ectopic expression of zebrafish hoxb1a led to posterior transformations of r3, r2 and more anterior structures, as indicated by the ectopic expression of hoxb1a anterior to r4 (McClintock et al. 2001 ; Fig. 4B, n 5 74) . By contrast, misexpression of zebrafish hoxb1b led to ectopic hoxb1a expression only in r3 and r2, indicating that zebrafish hoxb1b is incapable of repatterning more anterior structures to an r4 phenotype (McClintock et al. 2001 ; Fig. 4E , n 5 77). We and other groups have also established that the difference in posteriorization capacity between zebrafish hoxb1 duplicates does not result from differential levels of protein translation (McClintock et al. 2001; Choe and Sagerstrom 2005) .
To determine whether functional divergence of hoxb1 genes has also occurred in other teleost species, we performed microinjection of medaka and bass hoxb1 synthetic mRNAs into zebrafish embryos. We found that medaka or bass hoxb1b misexpression caused an identical phenotype to zebrafish hoxb1b misexpression, whereby r2 and r3 took on the character of r4, as assayed by hoxb1a expression (Fig. 4, D and F, n 5 77 and 73, respectively). Following microinjection of medaka hoxb1a, ectopic expression of endogenous Fig. 3 . Sequence analysis suggests that subfunctionalization of hoxb1 duplicate expression is due to sequence changes in the autoregulatory region, which occurred in a species-specific manner. Alignment of proposed hoxb1 autoregulatory elements in tetrapods and teleosts. The autoregulatory region contains conserved repeats (PH1-PH3), which act as Pbx-Hoxb1 binding sites, and Pbx-Meinox binding sites (PM1-PM3). Residues in the modules that are divergent between mouse or chick and teleosts are highlighted in white text. The following sequences were used: mouse, chick and zebrafish (Ferretti et al. 2005) ; medaka and bass (this study); Tetraodon (genome project FS_CONTIG_10733_1 and CNS_TRUECNSCONTIG_ 169927_5); and fugu (FRU92574, Aparicio et al. 1997 Aparicio et al. and genomic scaffold 2182 Aparicio et al. .1909 zebrafish hoxb1a was observed at the r3, r2 and more anterior level (Fig. 4C, n 5 74) . These data suggest that medaka hoxb1a, like its zebrafish ortholog, has a stronger posteriorizing capacity than hoxb1b, and that hoxb1 paralogs in all the teleost species examined to date are functionally divergent.
We next extended our functional analysis of teleost hoxb1 genes using a ''knockdown and rescue approach.'' As well as molecular markers like hoxb1a, neuroanatomical markers can also be used to distinguish positional identity in the hindbrain, for example, the branchiomotor neurons of the cranial nerves are present in a rhombomere specific pattern. The facial (VIIth) nerve consists of a group of neuronal cell bodies that differentiate in r4 and r5, and then migrate posteriorly to r6 and r7 ( Fig. 5A ; Chandrasekhar et al. 1997; Higashijima et al. 2000) . These neurons can be visualized in live transgenic zebrafish expressing GFP under the control of the islet-1 promoter/enhancer (Higashijima et al. 2000) .
We have previously shown that knockdown of zebrafish hoxb1a by microinjection of antisense morpholino (MOb1a) blocks the migration of the facial nerve branchiomotor neurons (McClintock et al. 2002;  Fig. 5B, n 100, 100% ). This phenotype can be rescued when MOb1a is coinjected with zebrafish hoxb1a mRNA (McClintock et al. 2002;  Fig. 5C , n 5 58, 83%). The rescue of neuronal migration is partial in some cases and complete in others (40% and 43%, respectively, in this study). Interestingly, the hoxb1a morpholino knockdown phenotype was not rescued by coinjection of zebrafish hoxb1b, further illustrating that zebrafish hoxb1 duplicates have different biochemical functions (McClintock et al. 2002; Fig. 5E) . In this study, we found a small number of zebrafish hoxb1b coinjected embryos in which a partial rescue was observed (13%), but the majority of embryos showed no rescue (87%), and no complete rescues were ever recorded (n 5 38) (Table 1) .
Finally, medaka and bass hoxb1 mRNAs were coinjected into zebrafish with zebrafish MOb1a, in order to assess whether other teleost hoxb1 duplicates also had non-identical biochemical capacities. Unexpectedly, both medaka hoxb1a and medaka hoxb1b were capable of rescuing the loss of zebrafish hoxb1a phenotype (Fig. 5D , n 5 75, 76% and Fig. 5F , n 5 62, 66%). Medaka hoxb1a had a greater capacity to rescue migration than its paralog hoxb1b, as indicated by the proportion of embryos with complete migration (57% vs. 37%). Similarly, coinjection of bass hoxb1b mRNA with the morpholino also resulted in embryos with rescued migration (Fig. 5G , n 5 51, 57%). Bass hoxb1b, like medaka hoxb1b, had a weaker posteriorizing capacity than either hoxb1a gene we examined, but Fig. 4 . Gain-of-function analysis reveals that hoxb1 duplicates in different teleost species have similar paralog-specific biochemical capabilities. Zebrafish embryos were microinjected with hoxb1 mRNAs from zebrafish (zf), medaka (med), or striped bass (bass). The strength of the resulting posteriorization was determined by the anterior extent of zebrafish hoxb1a expression. Zebrafish hoxb1a expression was visualized through hybridization of zebrafish embryos with a zebrafish hoxb1a probe. All embryos were microinjected with mRNA at 25 ng/ml. Rhombomere 4 is indicated (r4). Dorsal views, anterior to the left. was able to produce complete rescue unlike zebrafish hoxb1b (Fig. 5G, 24% ). These results indicate that hoxb1 paralogs in acanthopterygian fishes may not have diverged in functional capacity to the same extent as the zebrafish duplicates.
DISCUSSION
Here we analyzed the fate of duplicate genes in different teleost species, to investigate whether relaxed selective pressure after the duplication event enabled coparalogs (hoxb1a and hoxb1b) to evolve in a similar independent fashion in different species.
Comparative analysis of hoxb1 expression patterns from three divergent fish speciesFzebrafish (order: Cypriniformes), medaka (order: Beloniformes), and striped bass (order: Perciformes)Fdemonstrated that these duplicate genes have diverged in mostly similar ways and have subdivided the expression of the deduced Hoxb1 ancestral gene. Further, sequence analysis suggested that partitioning of their expression patterns is likely due to degenerative changes in the hoxb1b autoregulatory regions of all species examined. Our expression data provide evidence to support that, when maintained, duplicate pairs are subfunctionalized in mostly the same manner in different species following a duplication event, Fig. 5 . Rescue experiments suggest that the fate of duplicate teleost hoxb1 genes varies by species. Facial neuron migration was blocked by microinjection of zebrafish hoxb1a antisense morpholino (MO). Zebrafish (zf), medaka (med), and striped bass (bass) hoxb1 mRNAs were microinjected into zebrafish in combination with the morpholino, and their ability to rescue the blocked migration phenotype was assayed by Isl-GFP staining in facial neurons. The locations of rhombomeres 2, 4, and 6 are indicated (r2, r4, r6). Dorsal views, anterior to the left. Morpholino was microinjected at 4 mg/ml and mRNAs at 25 ng/ml. although the specific nucleotide changes within the autoregulatory region vary between species. By contrast, our functional analysis reveals that although some coparalog subfunctions have evolved independently from one another in one species, the biochemical properties of these coparalogs may not have diverged significantly in other species.
hoxb1a and hoxb1b coparalogs share similar expression patterns in zebrafish, medaka, and striped bass
The expression of hoxb1a was observed in r4 and the posterior arches at the three stages analyzed in this study. Although the r4 expression is a feature conserved in all vertebrates, the posterior arch expression was not previously described in teleosts but is observed in all three species. The hoxb1b genes are also expressed in the posterior arches and zebrafish hoxb1b expression had been noted in this region before (Alexandre et al. 1996) , indicative that these coparalogs may play a role in posterior arch patterning. A discrete patch of hoxb1 expression was also conserved in the endoderm ventral to the anterior somites in all teleost species. This expression domain had previously only been described in zebrafish hoxb1b (Alexandre et al. 1996) . A more detailed analysis would be required to determine the exact location and function of this expression; however, a regulatory element has previously been identified in mouse Hoxb1, which drives expression in the developing gut (Huang et al. 1998) . Our expression data suggest this role may be conserved in both coparalogs of all teleost species we have examined.
Interestingly, zebrafish hoxb1b is expressed early in presumptive r4 before receding posteriorly. Although striped bass hoxb1b is also expressed early in development around comparable stages, we did not observe its expression in presumptive rhombomere 4 (data not shown). Likewise, although striped bass and medaka hoxb1b are expressed in the most medial part of the neural keel of r4 at prim stages, this expression pattern was not observed with the zebrafish hoxb1b gene. We do not yet know if this domain of expression is associated with a medaka and bass specific neuroanatomical feature, or if this patch simply represents nonfunctional residual ancestral expression. Our expression data imply that although hoxb1 coparalog expression has mostly evolved in a similar manner in all three divergent fish species, some differences are present, suggesting that regulation of expression was fine tuned in a different way in each species.
Autoregulatory sequence analysis identified nucleotide changes which may underlie subfunctionalization and occur in a speciesspecific manner Our analysis confirmed that all teleost Hox/Pbx binding sites (PH1-PH3) within the proposed autoregulatory region are conserved in hoxb1a genes but diverge from the inferred ancestral hoxb1 state in hoxb1b, and that the hoxb1b sequence differences vary in a species-specific manner. We also examined the sequence variation in Pbx-Meinox binding sites (PM1 and PM2) and found nucleotide differences from the ancestral sequence in both motifs of all hoxb1a genes except zebrafish hoxb1a. Pufferfish hoxb1a expression data are currently unavailable, but as late r4 expression is observed in medaka, we hypothesize that the changes in medaka hoxb1a PM1 and PM2 do not affect autoregulation. The PM1 motif is conserved with the ancestral sequence in all hoxb1b genes whereas the PM2 site shows variation in all hoxb1b genes except fugu hoxb1b.
This study provides support for the hypothesis that differences in the autoregulatory region may drive partitioning of hoxb1 expression in all teleost duplicates. Transgenic or biochemical analysis is required to pinpoint which changes specifically underlie the loss of hoxb1b expression at later stages. Tumpel et al. (2007) have previously shown that the autoregulatory region responsible for fugu hoxa2b expression in r4 is present in the gene's intron and can drive reporter expression as expected. The same intronic region from fugu hoxa2a was incapable of driving reporter expression following in ovo electroporation in chick. All three PH motifs have diverged from the ancestral sequence in medaka and fugu hoxa2a but reporter expression was restored when PH1 and PH3 in fugu hoxa2a were changed to the fugu hoxa2b sequence. Interestingly, alterations to PH2 had little effect on r4 activity. It would be fascinating to determine whether a similar pattern of alterations re-established late robust hoxb1b r4 expression.
Our sequence comparisons identified a single residue within the hoxb1b autoregulatory region that had changed once when hoxb1b diverged from the ancestral hoxb1 and remained unchanged in all teleost hoxb1b sequences examined (T to C in PH3 Fig. 3 ). It would also be interesting to examine whether this residue change is sufficient to abolish r4 expression or, as we suspect, a combination of sequence changes occurred independently in each teleost hoxb1b sequence, resulting in the loss of late robust hoxb1b r4 expression. McClintock et al. (2002) showed that morpholinos directed against zebrafish hoxb1a have no observable effect on the level of hoxb1a mRNA as tested by in situ hybridization up until the 20 h stage, indicating that hoxb1a autoregulation may not be important until after that stage of development. The region in which the reduction in the level of hoxb1a mRNA was the most noticeable corresponds to the most medial part of the neural keel where we observed the late onset of hoxb1b expression in medaka and bass (Fig. 2, P and  X) . Similarly, microinjection of dominant negative zebrafish Pbx4 can also cause the loss of medial r4 hoxb1a expression (Choe and Sagerstrom 2005) . This suggests that increased levels of hoxb1a, or its downstream targets, in that compartment may induce the limited expression domain of hoxb1b in r4 of bass and medaka but not in zebrafish, where hoxb1b is not expressed in r4 at these late development stages. If hoxb1a is responsible for late hoxb1b r4 expression in medaka and bass, then we would expect a divergence between their hoxb1b autoregulatory elements and the same region in zebrafish. To that effect, we noticed that bass and medaka hoxb1b genes have a conserved PH2 control element compared with their hoxb1a co-orthologs, whereas the zebrafish motif contains two nucleotide changes within that element. This sequence divergence may be sufficient to completely abolish late zebrafish hoxb1b r4 expression, while medaka and bass retain weak medially restricted late hoxb1b expression.
With the exception of PH1 in medaka hoxb1b, all of the hoxb1b autoregulatory sites were easily identifiable despite the vast reduction in late r4 expression. Similarly, it was possible to use comparative sequence analysis to locate the autoregulatory motifs in fugu hoxa2a despite its loss of expression in r4 (Tumpel et al. 2007 ). These observations raise the possibility that these genomic regions have been preserved because they play another uncharacterized role.
The biochemical capacity of coparalogs is not always conserved across species
We employed misexpression of teleost hoxb1 RNA within zebrafish embryos to determine that the biochemical capacity of the co-paralogs had diverged in the same way in medaka, bass and zebrafish. However, our ''knockdown and rescue'' assay revealed functional redundancy in medaka and bass coparalogs, whereas the duplicates were functionally distinct in zebrafish as hoxb1b was unable to rescue the ''knockdown'' phenotype. This experiment suggests that the duplicates in different species have evolved different fates post duplication and illustrates that caution should be applied when extrapolating findings from model organisms to other species. Although zebrafish hoxb1b is incapable of rescuing the ''knockdown'' phenotype, we have previously used morpholino ''knockdown'' of hoxb1b to demonstrate that the paralog is indeed functional in zebrafish (McClintock et al. 2002) . Zebrafish hoxb1b was shown to be required for proper segmental organization of rhombomere 4 and the posterior hindbrain.
Through sequence analysis we were able to identify residues in the duplicates, which had diverged from the ancestral sequence in a paralog specific manner. It was apparent that several residues had changed when acanthopterygian hoxb1b diverged from zebrafish hoxb1b. Zebrafish hoxb1b also significantly changed following its divergence from the other hoxb1b genes. It would be interesting to use our sequence data combined with mutational analysis to pinpoint the residues in the coding region that are responsible for the functional difference we have identified between hoxb1b in zebrafish and the other species. An examination of synonymous versus nonsynonymous nucleotide subtitutions revealed no significant evidence of positive selection (data not shown).
It should be noted that all functional assays were performed in zebrafish embryos. It is possible that deployment or function of trans-acting factors such as Hox co-factors have diverged within the bass and medaka, and consequently the function of the hoxb1 duplicates in these organisms has changed. The evolution of trans-acting factors would not be detected by our analysis. Instead misexpression studies within medaka and bass embryos would be necessary to assess the role of any trans-acting factor evolution in the fate of the hoxb1 duplicates.
Both of the functional assays we performed were via global misexpression in which RNA is expressed throughout the early embryo, which does not reflect the gene's endogenous expression pattern. However, misexpression of the coding region enables us to examine functional differences relating to coding region sequence diversity and these assays were insightful because they revealed differences in the biochemical properties of co-paralogs and distinctions between the paralogs of different species. Functional divergence between species may go undetected in studies that rely solely on expression analysis. Without our functional data we would have incorrectly assumed that the medaka and bass hoxb1 duplicates always had the same fate as the zebrafish paralogs. Our work illustrates the importance of performing multiple assays as one of our functional studies also supported this incorrect hypothesis.
This study does not aim to establish the means by which the duplicates were preserved. Although we provide evidence for subfunctionalization, the duplicates may have originally been preserved by another mechanism such as neofunctionalization and the duplicates may have subsequently been maintained by subfunctionalization. The functional assays we have performed relate to known functions of the zebrafish hoxb1 duplicates and are unlikely to reveal neofunctionalization, even if it has occurred. It has been proposed that gene duplications could provide the raw genetic material to facilitate speciation events. There is currently only a loose correlation between the teleostspecific whole-genome duplication and the explosive speciation event that resulted in the vast number of derived teleost species we observe today. Novel assays will be necessary to determine whether the genome duplication did precipitate the expansion in species numbers in some teleost groups.
Future directions
We have investigated the fate of duplicates following a wholegenome duplication event that occurred several hundred million years ago. Numerous polyploidization events have been described in fishes (LeComber and Smith 2004) , including more recent duplications in species such as salmon (Rise et al. 2004) . It would be interesting to examine the fate of duplicates following a more recent duplication event and determine the extent to which the duplicates have diverged. Salmon repre-sent a particularly good group to study because a duplication event occurred in their lineage subsequent to the teleost duplication. When compared with other teleosts, they therefore offer the opportunity to investigate how duplicates like the Hox genes have diverged following a second duplication event.
We are beginning to appreciate that Hox genes do not act independently but are rather part of a gene regulatory network (e.g., Tumpel et al. 2006) . In this study we examined duplicates in isolation, but in the future it should be possible to explore how the entire network evolves following a wholegenome duplication event. We have recently used a microarray analysis to identify the downstream targets of zebrafish hoxb1a (Rohrschneider et al. 2007) . By applying this approach to hoxb1b we would be able to compare the evolution of these duplicate networks and obtain a global, more realistic view of the consequences of the duplication event.
We have examined the consequences of hoxb1 duplication in teleost fishes. Although further comparative studies of other duplicates are required to confirm the generality of our observations, this study suggests that the fate of duplicates does vary between species.
